Spatial distribution of organic functional groups supported on mesoporous silica nanoparticles (2): a study by 1H triple-quantum fast-MAS solid-state NMR by Kobayashi, Takeshi et al.
Chemistry Publications Chemistry
8-10-2018
Spatial distribution of organic functional groups
supported on mesoporous silica nanoparticles (2):
a study by 1H triple-quantum fast-MAS solid-state
NMR
Takeshi Kobayashi
Ames Laboratory, takeshi@ameslab.gov
Dilini Singappuli-Arachchige
Iowa State University and Ames Laboratory, dilini@iastate.edu
Igor I. Slowing
Iowa State University and Ames Laboratory, islowing@iastate.edu
Marek Pruski
Iowa State University and Ames Laboratory, mpruski@iastate.edu
Follow this and additional works at: https://lib.dr.iastate.edu/chem_pubs
Part of the Nanoscience and Nanotechnology Commons, Organic Chemistry Commons, and the
Physical Chemistry Commons
The complete bibliographic information for this item can be found at https://lib.dr.iastate.edu/
chem_pubs/1053. For information on how to cite this item, please visit http://lib.dr.iastate.edu/
howtocite.html.
This Article is brought to you for free and open access by the Chemistry at Iowa State University Digital Repository. It has been accepted for inclusion
in Chemistry Publications by an authorized administrator of Iowa State University Digital Repository. For more information, please contact
digirep@iastate.edu.
Spatial distribution of organic functional groups supported on
mesoporous silica nanoparticles (2): a study by 1H triple-quantum fast-
MAS solid-state NMR
Abstract
The distribution of organic functional groups attached to the surface of mesoporous silica nanoparticles
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quantum/single-quantum (TQ/SQ) homonuclear correlation technique. The excellent sensitivity of 1H
NMR and high resolution provided by fast magic angle spinning (MAS) allowed us to study surfaces with
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organosilane precursor, resulted in deployment of organic groups on the surface, which were highly clustered
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Abstract 
The distribution of organic functional groups attached to the surface of mesoporous silica 
nanoparticles (MSNs) via co-condensation was scrutinized using 1D and 2D 
1
H solid-state NMR, 
including triple-quantum/single-quantum (TQ/SQ) homonuclear correlation technique. The 
excellent sensitivity of 
1
H NMR and high resolution provided by fast magic angle spinning 
(MAS) allowed us to study surfaces with very low concentrations of aminopropyl functional 
groups. The sequential process, in which the injection of tetraethyl orthosilicate (TEOS) into the 
aqueous mother liquor was followed by dropwise addition of the organosilane precursor, resulted 
in deployment of aggregated organic groups on the surface, which were dominant even in a 
sample with a very low loading of ~0.1 mmol/g. The underlying mechanism responsible for 
clustering could involve fast aggregation of aminopropyltrimethoxysilane (APTMS) precursor 
within the liquid phase, and/or co-condensation of the silica-bound molecules. Understanding the 
deposition process and the resulting topology of surface functionalities with atomic-scale 
resolution, can help to develop novel approaches to the synthesis of complex inorganic-organic 
hybrid materials.  
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1. INTRODUCTION 
Since the discovery of surfactant-templated synthesis of mesoporous silica materials,
1
 
many research efforts have been directed toward tuning the shape of particles, pore topology and 
surface area.
2-6
 Further tailoring of these materials, herein referred to as mesoporous silica 
nanoparticles (MSNs), for specific applications can be achieved by functionalization with 
organic moieties.
7-9
 Endeavors have focused on not only refining the chemical properties of these 
functional units in the resulting inorganic–organic hybrids but also on regulating their spatial 
arrangement.
8, 10-13
 Assessing the uniformity of surface functionalization within the pores with 
atomic-scale precision is of great importance, but is also very challenging. Previously, such 
studies relied on the use of relatively bulky probe molecules, falling short of the required sub-nm 
resolution.
14-18
 
Recently, we investigated the spatial distribution of functional groups covalently attached 
to MSNs using solid-state (SS)NMR spectroscopy, notably using the dynamic nuclear 
polarization (DNP)-enhanced two-dimensional (2D) 
29
Si‒
29
Si double-quantum/single-quantum 
(DQ/SQ)
19
 and 2D 
13
C‒
13
C SQ/SQ correlation experiments at natural abundance.
20
 The former 
study revealed that post-synthesis grafting leads to a more homogeneous dispersion of organic 
functionalities than the co-condensation method. During the grafting process under anhydrous 
condition, the organosilane precursors do not self-condense and are unlikely to bond to the silica 
surface in close proximity. The latter study investigated the spatial distribution of different types 
of functional groups on the surface of a bifunctional system prepared using the co-condensation 
method; its results suggested that i) the functionalities formed clusters and were unevenly 
distributed on the silica surface, and ii) within the clusters the functional groups were well mixed 
with each other. In these studies, the samples contained relatively high loading of functional 
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groups, ≥ ~2 mmol/g. Upon further dilution of species, however, it remains a challenge to 
observe homonuclear correlations between insensitive nuclei even with the tremendous 
sensitivity enhancement offered by DNP.  
Through-space 
1
H‒X heteronuclear correlation (HETCOR) spectroscopy can provide 
information about the structure, conformation, and dynamics of complex molecular systems.
21-23
 
However, the low efficiency of long-range polarization and dipolar truncation effects favor 
recoupling of short-range dipolar interactions in most materials, yielding primarily 
intramolecular correlations.
24
 Owing to the excellent sensitivity and the ubiquity of 
1
H,
 1
H‒
1
H 
SQ/SQ spin-diffusion and DQ/SQ MAS experiments have been commonly used for gaining 
structural insights into a wide range of materials including heterogeneous catalysts,
25
 self-
assembled supra molecules,
22
 and inorganic-organic hybrid materials.
26
 Thus, our present efforts 
focused on the fast MAS-based 
1
H‒
1
H correlation methods. In the SQ/SQ spin-diffusion method, 
diagonal peaks result not only from the diffusive spin exchange between equivalent protons 
(correlations a and b in Figure 1) but also from unwelcome non-exchanged magnetization 
(correlation c in Figure 1). Meanwhile, the cross peaks represent an inter-spin exchange of 
magnetization between non-equivalent protons (interactions d and e in Figure 1). The DQ/SQ 
experiment filters out the signals from non-exchanged magnetization (correlation c in Figure 1) 
and provides much ‘cleaner’ spectra than the SQ/SQ scheme. However, neither SQ/SQ nor 
DQ/SQ can discriminate between intra- and intermolecular correlation signals when the single 
molecule has two or more equivalent protons, as in methylene and methyl groups. Thus, higher-
order of multiple-quantum filtering is required to probe the spatial distribution of similar 
functional groups through 
1
H‒
1
H correlation experiments.
27, 28
 For example, the triple quantum 
(TQ) correlation
27-31
 from two equivalent methylene groups, depicted as correlation f in Figure 1, 
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will exclusively represent the intermolecular interactions, provided that 
1
H resonances from 
different CH2 groups in a given molecule can be sufficiently resolved by fast MAS. 
In the present study, we used the 
1
H TQ/SQ correlation technique to determine the spatial 
distribution of organic (aminopropyl) moieties deposited on MSNs’ surfaces by co-condensation 
with loadings as low as 0.14 mmol/g.  
 
Figure 1.  Schematic illustration of homonuclear correlation experiments. 
 
2. EXPERIMENTAL SECTION 
2.1. Sample Preparations.  
Aminopropyl-functionalized MSNs (AP-MSN) were prepared as follows. In a round-
bottom flask, cetyltrimethylammonium bromide (CTAB, 1.0 g, 2.74 mmol) was dissolved in 
deionized water (480 ml), followed by addition of a 2 M aqueous solution of NaOH (3.5 mL, 7.0 
mmol). The solution was stirred for 1 h at 80 °C. Tetraethyl orthosilicate (TEOS, 5.0 mL, 22.6 
mmol) was added dropwise over 6 min, followed by dropwise addition of 
aminopropyltrimethoxysilane (APTMS, 1.0 mL, 5.73 mmol) over 1 min to the CTAB solution. 
Magnetic stirring was continued for another 2 h at 80 °C. The solution was filtered, washed with 
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excess water and methanol, and vacuum-dried overnight. The CTAB template was removed by 
refluxing 1.0 g of the dry solid with a mixture of methanol (100 mL) and concentrated HCl (0.8 
mL, 9.7 mmol) at 60 °C for 6 h. The surfactant-removed sample was again filtered, washed with 
excess methanol and vacuum-dried overnight. MSN samples with lower loading of 
functionalities were also prepared by decreasing the amount of APTMS precursor to 0.18 mL 
(1.03 mmol) or 0.090 mL (0.52 mmol) in the original procedure. To minimize the 
1
H background, 
the surface silanols were deuterated by suspending the AP-MSN samples in 
2
H2O overnight, 
after which the supernatant was decanted. The 
1
H‒
2
H exchange also included the terminal amine 
moiety of AP. The resultant 
2
H2O-exchanged samples were vacuum-dried at room temperature 
and quickly transferred to the magic-angle spinning (MAS) zirconia rotors. The AP-MSN 
samples are denoted as AP-x, where “x” indicates loading of the aminopropyl groups (AP).  
2.2. Solid-state NMR.  
To confirm the surface functionalization and determine the concentration of AP groups in 
the studied samples, we carried out conventional 
29
Si direct polarization (DP)MAS and DNP-
enhanced 
13
C{
1
H} cross-polarization (CP)MAS experiments described in the Electronic 
supplementary information (ESI, see Figures S1 and S2).  
The 
1
H SSNMR experiments were performed on a Varian NMR spectrometer, equipped 
with a 1.6-mm triple-resonance MAS probe and operated at 14.1 T. Several one- and two-
dimensional (1D and 2D) experiments were carried out, including 1D 
1
H MAS, 
1
H transverse 
relaxation time (T2′) measurement, and 2D 
1
H TQ/SQ MAS NMR. All experiments were 
performed under fast MAS at a rate of 36 kHz. The T2′ relaxation times of 
1
H nuclei were 
measured using a spin‒echo sequence without 
1
H‒
1
H radio-frequency (RF) homonuclear 
decoupling. The TQ/SQ correlation experiments used a BABA-16 sequence for homonuclear 
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 7 
recoupling,
32
 where the recoupling pulses were flanked by a π/2 pulse at the beginning of the 
excitation period and at the end of the reconversion period, thereby exciting triple-quantum (and 
higher odd order) coherence (see Figure 2).
30
 The sequence was first tested on L-alanine and 
verified by comparing the spectrum with that reported in an earlier study
27
 (see Figure S3 in ESI). 
1
H chemical shifts were referenced with respect to tetramethylsilane (TMS) at 0 ppm. In the TQ 
dimension of the TQ/SQ MAS spectra, the observed 
1
H shifts were given as the sums of the SQ 
shifts of the three nuclei involved. 
The experimental parameters are given in figure captions, where νR = (τR)
-1
 is the MAS 
rate, νRF(X) is the magnitude of the RF magnetic field applied to X spins, τexc/rec is the SQ-TQ 
excitation time/TQ-SQ reconversion time, τz is the z-filter delay, ∆t1 is the increment of t1 during 
2D acquisition, τRD is the recycle delay, NS is the number of scans per row, and AT is the total 
acquisition time. 
 
Figure 2. Pulse sequence used for TQ MAS experiment and the coherence transfer pathway. 
Shaded rectangular bars represent hard π/2 pulses. 
 
3. RESULTS AND DISCUSSION 
We first estimated the amounts of organic groups introduced into each sample as follows. 
We carried out a 1D 
29
Si direct polarization (DP)MAS experiment (see Figure S2 in ESI) for the 
sample with highest loading, and determined the amount of functionalities through the 
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concentration of T
n
 sites to be 1.24 mmol/g; this sample was referred to as AP-1.2. Although this 
experiment can provide quantitative concentration of functionalities in the highly loaded sample 
(here with an accuracy of 10%
9, 12
), it is difficult to determine the concentration of T
n
 sites in the 
samples with lower loading by this method, because of low signal intensity. Therefore, we used 
the DNP-enhanced 
13
C{
1
H} CPMAS spectra (Figure S2 in ESI) to accurately estimate the 
relative loading of functionalities in our samples, by safely assuming the same CP dynamics 
among those samples under the DNP condition. By comparing the 
13
C signal intensities from the 
sparsely populated surfaces to that of AP-1.2, the concentrations of functionalities were 
estimated to be 0.39 and 0.14 mmol/g (referred to as AP-0.4 and AP-0.1, respectively). Taking 
into account that the surface areas of AP-1.2, AP-0.4, and AP-0.1 were measured at 890, 1072, 
and 1020 m
2
/g, the amounts of AP molecules per 1 nm
2
 in these samples are ~ 0.8, 0.2 and 0.08, 
respectively. On the uniformly functionalized surfaces, these coverages would correspond to 
average AP-AP distances of approximately 1.1 nm (AP-1.2), 2.2 nm (AP-0.4) and 3.6 nm (AP-
0.1). The DNP-enhanced 
13
C{
1
H} CPMAS spectra also confirmed a complete removal of CTAB.  
1D 
1
H DPMAS spectra of AP-1.2 and AP-0.4 showed three relatively sharp signals at 
0.64, 1.65, and 2.87 ppm, assigned to the protons in the three methylene groups of AP (Figure 
3).
33
 As a cross-check, we verified that the relative integrated intensity of these signals is 
consistent with the loadings of functionalities estimated by the 
29
Si DPMAS and DNP-enhanced 
13
C{
1
H} CPMAS experiments. A strong signal centered at ~4.5 ppm is attributed to weakly 
bound, mobile water.
34, 35
 The 
1
H signal of the terminal NH2 did not appear because this moiety 
has exchanged with 
2
H. In the 
1
H DPMAS spectrum of AP-0.1, however, the methylene signals 
appeared in association with sub-signals separated from H1, H2 and H3 by ~0.3 ppm (~180 Hz), 
referred to as H1′, H2′, and H3′, respectively. Those sub-signals suggest the existence of two 
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populations of aminopropyl groups residing on the silica surface in different environments, 
which do not exchange on the time scale of (180 Hz)
-1
 ≈ 4.8 ms. For reasons to be discussed in 
paragraphs below, we denoted the aminopropyl groups involving H1~H3 and H1′~H3′ as APagg 
and APiso, respectively. A small signal at ~3.5 ppm was attributed to protons of methoxy groups 
which remained after the 
2
H2O treatment. The signal at 0.1 ppm was not assigned to any known 
species.  
 
Figure 3. 
1
H DPMAS spectra of AP-MSNs (A) and the deconvolution of 
1
H DPMAS spectrum 
of AP-0.1 (B). The spectra were obtained using νR = 36 kHz; νRF(
1
H) = 100 kHz; τRD = 1.5 s 
(AP-1.2 and AP-0.4) and 2.0 s (AP-0.1); NS = 16. 
 
The T2′ relaxation times of 
1
H nuclei measured by the spin‒echo sequence are listed in 
Table 1. We first note that given the fast MAS rate used in our measurements, the observed 
values are consistent with limited librational rotations of surface-immobilized molecules.
36
 The 
T2′ times of H2 and H3 were only slightly longer than that of H1 in directly surface-bound 
methylene, suggesting the overall restricted mobility of APagg. Furthermore, the T2′ values for the 
corresponding methylene protons H1, H2, and H3 were similar among the samples, indicating 
that the mobility of APagg molecules is independent of the loading in the range used in this study. 
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In contrast, the T2′ values of H2′ and H3′ were significantly larger than that of H1′, and also 
exceeded those of H2 and H3. These results indicate that the APiso, which was detectable only in 
the AP-0.1 sample, has increased mobility toward the amine end, stemming from reduced AP‒
AP and/or AP‒surface interactions. 
Table 1. Transverse Relaxation Time, T2′ (ms). 
Samples H1 H1′ H2 H2′ H3 H3′ 
AP-1.2 1.5±0.1  1.7±0.1  2.1±0.1  
AP-0.4 1.5±0.1  1.6±0.1  2.0±0.1  
AP-0.1 1.4±0.1 1.6±0.2 1.5±0.1 2.9±0.1 1.9±0.2 3.3±0.2 
 
The differences between aggregated and isolated molecules, and their interactions with 
surface, can also be manifested through shifts in NMR resonance frequency.
37-39
 For example, 
we have recently demonstrated that the local polarity at the surface of functionalized MSNs 
materials depends on the density of functional groups.
40
 In the present study, the 0.3 ppm 
difference in the observed shifts between H and H′ hydrogens is most likely attributable to the 
changes of electron density distribution between clustered and isolated groups, although more 
precise interpretation of this shift would require further study. Taken together, the relaxation and 
chemical shift data point to the existence of two populations of AP species, identified as 
agglomerated and isolated aminopropyl groups, APagg and APiso, respectively. The vast 
preponderance of APagg in AP-1.2 and AP-0.4, and the emergence of APiso in AP-0.1, further 
corroborate the above identification. 
The spatial distribution of organic functionalities was directly confirmed using 2D 
1
H 
TQ/SQ correlation experiments. The AP-1.2 and AP-0.4 samples showed practically identical 
correlation spectra (Figure 4A and B), where all possible TQ correlation signals appeared after 
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the excitation/reconversion time τexc/rec = 4τR (111.1 µs). The correlation signals involving 
physisorbed water were not identified (the missing cross peaks would be expected at δSQ/δTQ = 
0.64/5.78, 0.64/9.64, and 1.65/7.80) within the presented spectral region due to motional 
averaging of the dipolar coupling. The off-diagonal cross peaks arising from distant methylene 
groups, i.e. H1‒H1‒H3 and H1‒H3‒H3, were weaker than those from nearby methylene groups. 
As expected, the correlation signals assigned to H1‒H2‒H3 showed the lowest intensities. These 
cross peaks potentially arise from both intra- and intermolecular correlations. In contrast to cross 
peaks, the diagonal peaks can only originate from intermolecular correlations, because more 
than one AP must be present to create a TQ correlation signal of a spin triad among equivalent 
protons.  
It is important to remark here that the SQ-TQ excitation and TQ-SQ reconversion 
processes rely on 
1
H-
1
H dipolar interactions, which exhibit an inverse cubed dependence on 
internuclear distance; thus, the TQ coherences can be only induced between 
1
H nuclei remaining 
in close proximity to each other. For example, numerical simulations of the BABA recoupling 
sequence by SIMPSON
41
 showed that the correlation signal for 
1
H spins situated at the corners 
of an equilateral triangle with a side of 0.18 nm (as in methylene group) is about 30 times more 
intense  than for an isosceles triangle with the sides of 0.18, 0.5 and 0.5 nm. Given the average 
AP-AP distances calculated above for AP-1.2 (1.05 nm), AP-0.4 (1.9 nm) and AP-0.1 (3.2 nm), 
no intermolecular coherences would be detectable in any of these samples if the surfaces were 
indeed uniformly functionalized. Thus, the appearance of diagonal signals unambiguously 
indicates the close proximities of functionalities (<0.5 nm), which further substantiates the 
assignment of H1, H2 and H3 resonances to the clustered aminopropyl groups, i.e. APagg. Figure 
4C shows the build-up of H1‒H1‒H1 with the increase of recoupling time. Since the intensities 
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of all correlation peaks monotonically decreased with the increase of recoupling time, those 
spectra are presented relative to one of the H1‒H1‒H2 cross peaks at δSQ/δTQ = 0.64/2.93. 
Surprisingly and very importantly, the relative intensities of the H1‒H1‒H1 correlation signals 
and their time evolutions observed for AP-0.4 were very similar to those of AP-1.2. This result 
indicates that the spatial distributions of APs on the surface of AP-1.2 and AP-0.4 samples are 
independent of coverage, and are dominated by APagg. The fact that the H3-H3-H3 cross-peaks 
in AP-1.2 and AP-0.4 are more intense than H1-H1-H1, suggests that the terminal sections of AP 
molecules are in closer proximity than the silica-bound methylenes. Likely, hydrogen bonds 
between the amines attract the terminal moieties to each other and restrict their mobilities, while 
the lack of hydrogen bonds in the APiso results in the increased T2′ values near the amine end. 
 
Figure 4. 2D 
1
H TQ/SQ MAS correlation of AP-1.2 (A) and AP-0.4 (B), and slices of 2D 
TQMAS spectra at δTQ = 2.0 ppm (C). The TQMAS spectra were obtained using νR = 36 kHz, 
νRF(
1
H) = 100 kHz, τexc/rec = 4τR (111.1 µs), τz = 1 ms, τRD = 1.5 s, 256 rows with ∆t1 = 27.778 µs, 
NS = 24, and AT = 5.1 h. The sliced spectra (C) were normalized to the loading of functionalities 
contained in the sample rotors. Note that in the TQ dimension, the observed 
1
H shift is the sum 
of the SQ shifts of the nuclei involved. Red circles represent the positions of the diagonal H1-
H1-H, H2-H2-H2 and H3-H3-H3 peaks. 
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In the AP-0.1 sample, the H protons of APagg showed a similar set of correlation signals 
to those observed in AP-1.2 and AP-0.4. On the other hand, the 2D 
1
H TQ/SQ experiment did 
not show any detectable correlation signals involving H′ protons of APiso, even after several days 
of data accumulation with increased recoupling time. We thus collected 1D TQ-filtered 
1
H NMR 
spectra for the AP-0.1 (Figure 5B). With τexc/rec = 4τR (111.1 µs), the signal of H2′ was barely 
detectable. When the recoupling time was increased to τexc/rec = 8τR (222.2 µs), the spectrum 
showed an increase of the H2′ signal and the appearance of H1′, despite the severe decrease of H 
signal intensities. Unfortunately, the 1D TQ-filtered experiment could not discriminate between 
intra- and intermolecular interactions. However, the low efficiency and slow build-up of TQ/SQ 
transfers for H′ sites strongly suggest the lack of intermolecular interactions between APiso 
functionalities. 
 
Figure 5. 2D 
1
H TQ/SQ MAS and 1D TQ-filtered 
1
H MAS spectra of AP-0.1. The spectra were 
obtained using νR = 36 kHz, νRF(
1
H) = 100 kHz, τz = 1 ms, τRD = 2.0 s. The 2D 
1
H TQ/SQ 
spectrum (A) was taken with τexc/rec = 4τR (111.1 µs), 256 rows with ∆t1 = 27.778 µs, NS = 96, 
and AT = 27.3 h. The 1D TQ-filtered 
1
H spectra (B) were collected using NS = 768. 
 
The SSNMR results demonstrate that AP groups introduced by sequential co-
condensation of TEOS and APTMS are predominantly clustered. Whether this clustering occurs 
via formation of (AP-Si-O)n oligomers prior to attachment to the growing silica polymer (model 
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I in Fig.6), through nucleation and growth on the polymer surface (model II in Fig.6), or through 
a ripening mechanism involving surface migration under the basic reaction conditions (model III 
in Fig.6), should depend on the relative rates of hydrolysis and condensation and the 
thermodynamic stability of the hydrophobic organic groups at the polymer/template/water 
interface. Multiple mechanisms can be possibly involved in the formation of clustered 
functionalized sites. Future elucidation of the clustering mechanism will provide additional 
insights to control the distribution of the organic groups on the surface and enable the 
development of increasingly complex materials for advanced applications. 
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Figure 6.  Suggested mechanism of the synthesis of AP-MSNs via co-condensation method 
using a sequential addition of TEOS followed by APTMS. 
 
4. CONCLUSION 
We used 1D and 2D 
1
H SSNMR experiments to scrutinize the distribution of 
aminopropyl groups attached to the surfaces of MCM-41 type mesoporous silica materials 
synthesized by co-condensation. The TQ/SQ MAS correlation spectra revealed that the vast 
majority of the AP organic functional groups is agglomerated; even in the sample with a very 
low loading of 0.1 mmol/g only a small fraction remains isolated. The ability to monitor the 
spatial distribution of surface species will help study the underlying mechanisms of 
functionalization and achieve better synthetic control.  
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